Advantages conferred by the mobility and energy of the grain boundary in inducing abnormal grain growth (AGG) were compared by three-dimensional Monte Carlo simulations. The percentage of high-mobility or low-energy grain boundaries between the potential grain for AGG and the other grains was varied. The simulation results showed that the minimum percentage of high-mobility grain boundaries required to induce AGG is 50%, whereas that of low-energy grain boundaries needed to induce AGG is 20%.
Introduction
Abnormal grain growth (AGG) is frequently observed during secondary recrystallization in metallic systems. AGG has received much attention because of its scientific importance and technological applications, such as in electrical steel and electrodeposited copper interconnects of microelectronics. AGG is also notorious for its harmful effects on mechanical property. In spite of extensive efforts, however, the phenomenon has not been understood clearly. 1) It is evident that the potential grain for AGG should have a growth advantage over the other grains. Thus far, the growth advantage for AGG has been approached mainly based on the assumption that the abnormally growing grain should exclusively have high-mobility boundaries, whereas the other grains should have relatively low-mobility boundaries. [2] [3] [4] However, misorientation analyses of the abnormally growing grain and the other grains using electron-backscattered diffraction (EBSD) do not support this assumption. [5] [6] [7] Furthermore, Hwang et al. [7] [8] [9] [10] has suggested the solidstate wetting mechanism for AGG, where the growth advantage of abnormally growing grains is approached in terms of grain-boundary energy. In this mechanism, the anisotropy of the grain-boundary energy plays a critical role in inducing AGG. For example, if a specific grain has a high percentage of low-energy grain boundaries with the other grains, it has a growth advantage that facilitates growth by solid-state wetting. Park et al. 7) and Ko et al. 10) have provided morphological evidence that the abnormally growing f110gh001i oriented Goss grain, which is named after Goss who first reported abnormal grain growth in Fe-3%Si steel, grows by solid-state wetting, which has also been supported by the EBSD measurements. Recently, Lee et al. 11) and Ko et al. 12) have shown by Monte Carlo (MC) simulations and phasefield model simulations, respectively, that if a grain contains sub-boundaries of very low energy, it has an exclusive growth advantage over other grains and undergoes AGG.
The characteristic feature of the AGG phenomenon is that many island and peninsular grains are formed inside an abnormally growing grain. 7, [13] [14] [15] [16] Figure 1 shows a typical microstructure of an abnormally grown Goss grain in Fe3%Si steel. Many island and peninsular grains are observed inside the Goss grain. In the EBSD measurements, grains with misorientations below 15 with the Goss grain are colored black, and grains with coincidence site lattice (CSL) relationships of (AE3$37) with the Goss grain are colored gray. Most island grains are black and could be considered to have relatively low-energy boundaries. Based on the EBSD measurements showing that the misorientation angles between abnormally-growing grain and island or peninsular grains have mainly low angle or special boundaries, Messina et al. 13) and Ko et al. 14, 15) suggested that island and peninsular grains are formed by solid-state wetting. Since the formation of island and peninsular grains are commonly associated with abnormal grain growth, their formation mechanism might be closely related to the abnormal grain growth mechanism.
Considering these background facts, the factor that is more dominant in inducing AGG needs to be identified between mobility and energy advantages. Comparisons of the mobility and the energy advantages in grain growth have been carried out previously by Rollet et al. 17) and Hwang et al.
8)
By two-dimensional (2-D) MC simulations, Rollet et al. 17) have shown that AGG can occur if a potential grain for AGG is surrounded by 100% of either high-mobility or low-energy grain boundaries. These conditions would be satisfied by polycrystalline materials with an ideal texture. In a real sample such as Fe-3%Si steel, however, the misorientation distribution of abnormally growing Goss grain boundaries is not much different from that of the other grain boundaries.
6)
Hwang et al. 8) have investigated the effect of the anisotropic grain-boundary mobility and energy on AGG by 2-D MC simulations under the condition that only a certain percentage of grain boundaries of a potential grain for AGG has high mobility or low energy. Because their simulation is 2-D, triple-junction wetting could not be addressed and therefore the realistic aspect of solid-state wetting in a three-dimensional (3-D) polycrystalline structure could not be properly considered. Therefore, 3-D grain-growth simulations have been conducted in this study to compare the advantages conferred by mobility and energy on AGG.
Monte-Carlo Simulation
On the basis of the previous MC-simulation scheme developed by Srolovitz et al., 18) a modified Potts model was used to implement the anisotropic grain-boundary mobility and energy. Simulations were carried out on a 3-D facecentered cubic lattice with 160 3 sites: the x-, y-, and z-axes vary from 1 to 160. Each site is allocated with its own index randomly chosen from 1 to 100,000 to represent the crystallographic orientations such that all sites within each grain have the same index. The lattice-site energy is obtained by the following equation:
where J represents the grain-boundary energy, with S i and SiSj being, respectively, the orientation of the site i and the Kronecker delta function. The kinetics of grain growth is simulated by the MC technique whereby a site is reoriented to the orientation of one of its neighbors. The transition probability, P, is obtained by
where ÁE is the energy change caused by the change in orientation, k B is the Boltzmann constant, and T is the temperature that is carefully chosen to prevent both disordering of the boundary and lattice pinning. 19) Reorientation attempts numbering 160 3 are referred to as one Monte Carlo step (MCS).
To clearly ascertain the effect of different boundary types on AGG, only two types of grains, type 1 and type 2, were assumed to exist. A parameter C was introduced to distinguish between the type-1 and type-2 grains. If S i ! C, the grain was of type 1, whereas if Si < C, the grain belonged to type 2. By changing C, the percentages of type-1 and type-2 grains could be changed. For example, if C is set as 40,000, the percentages of type-1 and type-2 grains were 60% and 40%, respectively.
Results and Discussion

Effect of grain-boundary mobility on AGG
The lower limit of the percentage of high-mobility grainboundaries, which is capable of inducing AGG, was investigated. The potential grain for AGG is at the center in the simulation lattice and will be called the center grain hereafter. Although the center grain has high-mobility grain boundaries, the grain occasionally shrinks. To prevent the shrinkage of the center grain, its size was set to be 2.5 times bigger than the average size of the matrix grains. In the previous MC grain-growth simulations reported by Rollet et al. 17) and Hwang et al., 8) high-mobility boundaries were assumed to be 100 times faster than the low-mobility boundaries. In this work, the mobility of the grain boundaries between the center and the type-1 grains was set to be 100 times higher than that of the other grain boundaries. The percentage of high-mobility boundaries of the center grain could be changed by changing the percentages of type-1 and type-2 grains. It should be noted that the mobility cannot be increased to a value greater than the normal one in MC simulations. Anisotropic grain boundary mobility has been incorporated into the MC simulation as follows. The reorientation attempt of high mobility boundaries is governed by the probability of eq. (2), whereas that of low mobility boundaries is governed by the probability of the following equation.
where, is the ratio of high mobility to low mobility. The reorientation probability of low mobility boundary is decreased compared to that of high mobility boundary by a factor of . Therefore, the mobility effect was simulated by reducing the mobilities of non-high mobility grain boundaries; thus, the overall growth rate was decreased compared with the simulation that considered the effect of anisotropic grain-boundary energy. The grain-boundary energy was isotropic. Figure 2 shows the 2-D cross sections of the 3-D microstructure of grain growth along z-axis = 80 for different percentages of high-mobility boundaries of the center grain. The center, type 1, and type 2 grains are shown by the colors white, gray, and light gray, respectively. Figure 2 Figure 2 (b) is the microstructure after 3000 MCS, when the percentage of type-1 grains is reduced to 80%. In this condition also, the center grain grows abnormally. It should be noted that many type-2 island grains (light gray color) are trapped inside the abnormally growing center grain. As shown in Fig. 1 , island grains are the characteristic feature of AGG in real systems. However, island grains in Fig. 2(b) hardly disappear during grain growth because of their low-mobility boundaries. This behavior is in contrast with that in real systems, where island grains are observed at the growth front and disappear relatively fast, 16) indicating that the island grains do not have obvious low mobilities. It should be noted that island grains can also be formed inside the abnormally growing grain by the energy advantage (or by solid-state wetting), which will be discussed later.
Figure 2(c) shows the evolved microstructure after 20,000 MCS, when the percentage of type-1 grains is 50%. Although the center grain grows abnormally, the degree of abnormality is decreased markedly, compared with those of Figs. 2(a) and 2(b). The center grain is nearly surrounded by type-2 grains and its growth is suppressed by the low-mobility grain boundaries. In this case, grains with low-mobility boundaries exert a pinning effect on the growth of the center grain. Figure 2(d) shows the microstructure that evolves after 20,000 MCS, when the percentage of type-1 grains is 40%. Under this condition, the center grain does not grow abnormally but shows normal grain growth. Therefore, the minimum percentage of high-mobility grain boundaries required for AGG is $ 50%.
To confirm quantitatively whether the grain-growth mode is normal or abnormal, a graph of R/ " r r versus time, which is used as the criterion for AGG, 20) is plotted in Fig. 3 , where R is the radius of the largest grain and " r r is the average radius, being equal to hri and hr 2 i=hri for 2-D and 3-D distributions, respectively. Positive slope represents AGG, whereas negative slope represents normal grain growth. The plots of R/ " r r versus time for the different percentages of high-mobility boundaries of Figs. 2(a)-(d) are shown in Fig 3. When the percentage of high-mobility boundaries is greater than 50%, the slope is positive, indicating the AGG mode. When the percentage is 40%, the slope becomes negative, indicating the normal growth mode.
Effect of grain-boundary energy on AGG
In addition, the effect of the percentage of low-energy boundaries on AGG has been investigated. Similar to the case of the mobility effect, the energy of the grain boundaries is classified merely into two types: high and low. In the previous MC simulations by Rollet et al. 17) and Hwang et al., 8) the energy of the low-energy boundaries was assumed to be 10 times and 3 times lower, respectively, than that of high-energy boundaries. In the present simulation, the energy of grain boundaries between the center and the type-1 grains has been set to be 3 times lower than the other boundaries. By changing the percentages of type-1 and type-2 grains, the percentage of the low-energy grain boundaries of the center grain could be changed. The mobilities of all the grain boundaries were isotropic. Figure 4 shows the 2-D cross sections of the 3-D microstructure of grain growth along z-axis = 80 for different percentages of low-energy grain boundaries of the center grain. Figure 4(a) shows the microstructures that evolved after 200 MCS, when the percentage of type-1 grains is 100%; therefore, all the boundaries of the center grain have low energy. In this condition, the center grain grows abnormally, as expected. During the grain growth, island grains are developed at the growth front and disappear after a short time. Therefore, they tend to be near the growth front, which resembles the observed behavior of island grains in real systems. 16) Figure 4 (b) shows the microstructure that evolves after 300 MCS, when the percentage of type-1 grains is 70%. Under this condition also, the center grain grows abnormally, and island grains are observed at the growth front of the abnormally growing center grain. Figure 4(c) shows the microstructure after 3000 MCS, when the percentage of type-1 grains is 20%. In this case, the center grain Figure 4 (d) shows the microstructure after 4000 MCS, when the percentage of type-1 grains is 10%. At this percentage, the center grain does not grow abnormally. Therefore, the minimum percentage of low-energy boundaries required for AGG is $ 20%. This percentage is lower than the minimum percentage of $ 40% reported by 2-D MC simulation. 8) This difference could arise from the fact that triple-junction wetting can be implemented in 3-D simulations. Figure 5 shows the plot of R/" r r versus time for the different percentages of low-energy grain boundaries of Figs. 4(a)-(d) . When the percentage of low-energy boundaries is greater than 20%, the slope is positive, indicating the AGG mode. When the percentage of high-energy boundaries is 10%, the slope becomes negative, indicating the normal growth mode.
The percentage can be reduced further if the potential AGG grain has sub-boundaries with very low energy, as shown by Lee et al. 11) and Ko et al.
12) The effect of the sub-boundaries has been investigated under the condition of 10% low-energy boundaries. The simulation condition is the same as in Fig. 5(d) , but the center grains have 4 subboundaries with 10 times lower boundary energy than that between the center gain and type-1 grains. Figure 6 (a) shows the 2-D cross sections of the 3-D microstructure of the grain growth along z axis = 80 after 1200 MCS. Figure 6 (b) shows the plot of R/ " r r versus time for the two cases with and without sub-boundaries inside the center grains with the same surrounding condition as in Fig. 5(d) . When a grain has sub-boundaries, it grows abnormally even under the condition of 10% of low-energy boundaries.
In a polycrystal, the CSL boundary is known to have high mobility. 21) Harase et al. 22) have reported that the percentage of CSL boundaries between the potential abnormal grain and the other grains is relatively high, compared with the other grains after primary recrystallization of Fe-3%Si steel. The percentage determined by them was not more than 20%. However, the current simulation results show that a grain (a) (b) Fig. 6 (a) Cross sections of the three-dimensional microstructure along z-axis = 80, evolved after 1200 MCS with 4 subboundaries inside the center grain and 10% of type-1 grains. Energy of the grain boundary between the white center grain and the dark-gray type-1 grains is 3 times lower than that of the other grain boundaries. Energy of subboundaries is 10 times lower than that between the white center grain and the dark-gray type-1 grains. (b) R/ " r r versus time for the two cases of center grains-with and without subboundaries inside them, under the same surrounding-grain distribution of 10% type-1 grains, as in Fig. 4(d) .
should share at least 50% of high-mobility grain boundaries to induce AGG by the mobility advantage. Such a high percentage is realized in highly textured systems as shown by Holm, 23) and can also occur in the randomly textured ceramics studied by Dillon. 24) In contrast, the percentage of low-energy boundaries needed to induce AGG is only 20%. Moreover, this percentage can be reduced further if the potential AGG grain has sub-boundaries. Experimentally, the sub-boundaries with very low misorientations of 0.04 and 0.09 inside Goss grains in Fe-3%Si steel was observed by Ushigami et al. 25) Doner et al. 26) also observed very small-angle grain boundaries with misorientation less than 1 within the primary recrystallized Goss grain. And also, Park et al. 7) and Ko et al. 27) reported the direct evidence of 3-dimensional wetting morphology at the growth front of Goss AGG from serial section images. Therefore, there are many experimental results supporting that AGG occurs by solid-state wetting. These results suggest that, at least in Fe-3%Si steel, the dominant factor for AGG might be the energy advantage rather than the mobility advantage of grain boundaries. This new possibility of AGG approached by the energy advantage of grain boundaries deserves further experimental and simulation works.
Conclusions
The present simulation study, which compares the mobility and energy advantages of the grain boundary in inducing AGG, shows that the percentages of high-mobility and lowenergy grain boundaries required for AGG should be at least 50% and 20%, respectively. Together with the previous experimental results supporting AGG by solid-state wetting, the present simulation results imply that the energy advantage of grain boundaries might be a more important factor for AGG than the mobility advantage. Further studies are required to determine conclusively which is the dominant mechanism between mobility and energy advantages in inducing AGG. The energy advantage can also successfully explain the characteristics of island and peninsular grains, which are formed with high frequency near and at the growth front, respectively, of the abnormally growing grains.
